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The linearity of the secular variation of the Earth’s magnetic ﬁeld is irregularly broken by sudden changes in
its trend, known as geomagnetic jerks. Detecting these events in the temporal variations of the magnetic ﬁeld
components continues to be an exciting topic, mainly recently when their investigation rely not more only on
observatory data, but as well as on measurements provided by satellites. We have also been interested by these
magnetic events, and one of the central aims of our work has been to determine whether the satellite scalar data,
obtained in the sixties and early seventies are able to reveal the existence of such a geomagnetic jerk, previously
detected around 1969, in observatory annual or monthly means. For this purpose, we have used available OGO2,
OGO4 and OGO6 satellite intensity data covering the period 1965–1971. Another motivation of re-processing
and analyzing these old satellite datasets has been to better estimate their role in the global core ﬁeld modeling,
especially in describing the secular variation. Our results indicate that these ancient magnetic satellite datasets
contain valuable information to characterize the secular variation over the time-span they are available, and allow
to detect the geomagnetic jerk around 1969.
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1. Introduction
The measured geomagnetic ﬁeld is the result of inter-
nal and external sources, with respect of the Earth’s sur-
face. Indeed, the magnetic ﬁeld, at an arbitrary location at
the Earth’s surface, is the sum of the core and lithospheric
ﬁelds, as internal contributions, and of the ionospheric and
magnetospheric ﬁelds, as external contributions. Moreover,
to these main sources one can add the magnetic ﬁeld in-
duced in the crust and the upper mantle by geomagnetic
ﬁeld external variations (see for more details Mandea and
Purucker, 2005). At the satellite altitude, the separation be-
tween internal and external sources is no more available, as
the ionosphere contribution is partially seen by a satellite
as an internal source. The core ﬁeld, also known as main
ﬁeld, is generated in the outer ﬂuid core, formed mainly
of iron, thus very conductive. The ﬂuid motion generates
electric currents, which maintain a magnetic ﬁeld. Such a
phenomenon is known as a self-sustaining dynamo. The
magnitude of this ﬁeld, at the Earth’s surface, ranges be-
tween approximately 30000 nanoTeslas (nT) in the equa-
torial regions (with minimum values around 20000 nT for
the South Atlantic Anomaly), and about 70000 nT in the
magnetic pole areas (Mandea et al., 2007).
Even if our interest is not to characterize all magnetic
sources, understanding their role and variations is crucial
when analyzing core ﬁeld evolution. The lithospheric ﬁeld,
also known as magnetic anomaly ﬁeld, is caused by het-
erogeneity magnetization of rocks in the crust and upper
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mantle. Its magnitude varies usually from a few nT to
some hundreds nT, with the strongest magnetic anomalies
reaching some thousands nT (Hamoudi et al., 2007), and
depends on the nature and thickness of the magnetic lay-
ers. Its contribution to the internal ﬁeld is, however, signif-
icantly lower than the core ﬁeld ones, and it is considered
constant on historical time-scales. Ionospheric and magne-
tospheric ﬁelds are produced by currents circulating in the
ionosphere and magnetosphere, respectively. These two re-
gions, surrounding the neutral atmosphere and the Earth,
are disturbed by solar wind, directly linked to the solar ac-
tivity. The external ﬁeld variations are of order of a few
tens of nT during quiet periods and can reach several thou-
sands of nT duringmagnetic storms (Gonzalez et al., 1994).
These variations are characterized by magnetic activity in-
dices, as Dst (swdcwww.kugi.kyoto-u.ac.jp/) and Kp (gfz-
potsdam.de/pb2/pb23/GeoMag/niemegk/kp index/).
The temporal variation of the core ﬁeld, called secular
variation is estimated as the ﬁrst derivative of the geomag-
netic ﬁeld. Once in a while, the secular variation reveals
abrupt changes in its trend or jumps, called geomagnetic
jerks (Courtillot et al., 1978; Mandea et al., 2000, and ref-
erences therein). The origin of these jerks remains unknown
although many authors attempted to identify the processes
that are responsible (Le Huy et al., 2000; Bloxham et al.,
2002; Olsen and Mandea, 2007), and which are linked to
the core dynamics (Chambodut et al., 2007).
Studies of the temporal behavior of the magnetic ﬁeld
have usually been made by using the geomagnetic observa-
tory data, andmore recently satellite data, leading to a better
understanding of the geomagnetic jerks. The wavelet analy-
sis ofmonthlymeans (Alexandrescu et al., 1995, 1996) had
better characterized the geomagnetic jerks, without a pri-
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ori information on their temporal and spatial distribution.
Sabaka et al. (2002, 2004) have used combined observa-
tory and satellite data in continuous ﬁeld models, so-called
“comprehensivemodels”, the last available being CM4, and
discuss the secular variation seen by these models. Other
authors have then deepened this idea (e.g. Chambodut and
Mandea, 2005) to examine the occurrence dates of geomag-
netic jerks after 1960, starting date for the CM4 model.
A new approach proposed by Mandea and Olsen (2006)
shows that the temporal variations, at the scale of a month,
derived from observatory data are similar to those derived
from the CHAMP satellite data. In a second study, Olsen
and Mandea (2007) have established a grid of virtual obser-
vatories, covering the whole Earth. The temporal variations
of the three magnetic ﬁeld components were studied for all
deﬁned locations. Two interesting conclusions have been
drawn from this study: ﬁrst, that the geomagnetic jerks can
be detected in the satellite data and second, that these phe-
nomena may be rather regional than global.
One main objective of our work is to study whether the
satellite scalar data obtained in the mid-sixties and early
seventies are able to evidence the existence of such geo-
magnetic jerks. Hence, we have used the available satellite
data covering that period: data from the American satellites
POGO (Polar Orbiting Geomagnetic Observatory), which
carried magnetometers (Cain et al., 1966, 1967). These
satellite missions recorded intensity data of the magnetic
ﬁeld from October 1965 to April 1971, only. Another goal
of re-analyzing these old satellite datasets is to estimate
their contribution in the global modeling of the core ﬁeld,
for a better description of the secular variation for this pe-
riod.
After introducing the used data, we present in what fol-
lows the applied methods for studying the temporal varia-
tion of the ﬁeld. For this, we explain an approach to min-
imize the inﬂuence of the large disparity in time and alti-
tude of available data, when investigating the ﬁeld behavior.
Data from ground-based observatories and satellites have
been compared for a number of locations. An indirect eval-
uation of the secular variation is then presented, obtained
from spherical harmonics global ﬁeld models. We present,
for each of the selected locations, an annual-basis ﬁeld vari-
ation derived from the spherical harmonics model based on
the POGO data, only. Comparison of these temporal vari-
ations to the equivalent variations computed from the con-
tinuous CM4 model of Sabaka et al. (2004) is thereafter
shown. A map derived for the 1965–1971 time-interval,
highlighting on a global scale the variation of intensity ﬁeld
calculated on a regular grid is used for our concluding re-
marks.
2. Data
The present study is based on two data types: those gath-
ered by the U.S. satellites OGO-2, OGO-4 and OGO-6 of
the POGO (Polar Orbiting Geomagnetic Observatory) se-
ries, and those provided by the chosen ground geomagnetic
observatories.
2.1 Satellite data
The American satellite POGOmission began in 1965 and
included a total number of six satellites. Several studies
have been conducted using these data (e.g. Kane, 1973; Kim
and King, 1999). However, over six satellites, only three
provided reliable magnetic data.
The satellite intensity measurements, which we are in-
terested in, cover the time period between October 1965
and February 1971. These data are available from different
satellites and for different time intervals. The OGO-2 satel-
lite with an inclination of 87.3◦ sampled the magnetic ﬁeld
fromOctober 14, 1965 to October 02, 1967. It was followed
by OGO-4mission from July 29, 1967 to January 19, 1969,
with an inclination of 86◦. The last satellite, OGO-6, with
an inclination of 82◦, measured the ﬁeld from June 6, 1969
to April 26, 1971. Unfortunately, the latter period was not
fully covered and the data series available exhibit several
gaps, sometimes reaching a few days, to a maximum one of
some four months. These satellites sampled the intensity of
the Earth’smagnetic ﬁeld every 0.5 seconds for OGO-2 and
OGO-4, and every 0.288 seconds for OGO-6. The whole
POGO database reaches several millions measurements.
The POGO orbits were elliptic, with altitudes ranging,
for example, from 413 km at the perigee to 1510 km at the
apogee in the case of OGO-2. Figure 1 shows the temporal
distribution of the OGO-2 altitude data and illustrates their
large altitudinal dispersion. The same remark holds true for
data distributions of the other two satellites. Accordingly,
in the case of OGO-4, the altitude range extends from 410
to 910 km, while for OGO-6, from 400 to 1100 km.
2.2 Observatory data
The ground dataset is based on monthly means, com-
puted as the means of all hours of a day and all days of
a month (Alexandrescu, 1998; Chulliat and Telali, 2007).
In order to compare the obtained results with POGO satel-
lite data, we have selected observatory data over the 1965–
1971 time interval. Moreover, still for comparative pur-
poses, but this time with the study of Mandea and Olsen
(2006), we choose to examine the temporal variations of
the same three observatories, i.e. Niemegk (NGK) obser-
vatory in Germany, Hermanus (HER) in South Africa, and
Kakioka (KAK) in Japan. Three more observatories, lo-
cated at different latitudes, are also analyzed and discussed
here: Alibag (ABG) in India, Fredericksburg (FRD) in the
USA, and Huancayo (HUA) in Peru.
3. Methods and Results
We present the two approaches used to assess the secular
variation. The ﬁrst one, direct, from temporal series of
observatory and satellite data and the second one, indirect,
through global spherical harmonics ﬁeld models, based on
POGO data, only.
3.1 Direct secular variation study: temporal series
from observatories and scalar satellites
To carry out this study we have considered the approach
proposed by Mandea and Olsen (2006) to build “virtual
observatory” series from satellite available data over the
real observatory locations. First, we have selected data in
a 2◦×2◦×h volume blocks with respect of the latitude,
longitude and satellite altitude variations, centered on the
six chosen observatory positions, ABG, FRD, HER, HUA,
KAK and NGK. The analysis of the data distribution, as a
function of altitude, shows, as expected, great discrepancy
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Fig. 1. Temporal distribution of the OGO-2 satellite altitude, between 1965 and 1967.
Fig. 2. Total magnetic ﬁeld derived from POGO satellite data. Measurements, at the six selected observatory positions, are selected for 100 km altitude
bandwidth.
in the magnetic ﬁeld magnitude, of about 18000 nT for the
FRD position, 14000 nT for ABG, more than 10000 nT for
KAK and NGK positions and around 8000 nT and 6000 nT
for HUA and HER, respectively. This is not surprising when
one considers the satellite elliptical trajectories that induce
some 600 km in altitude variations.
To minimize the inﬂuence of variation of this spatial pa-
rameter in our temporal study, we have divided the three
satellite datasets in several altitudinal bands of equal h
height. Several trials showed that a h of 100 km ismanda-
tory to obtain a sufﬁciently dense data blocks. In addition,
let us note that the comparison of data distributions for dif-
ferent bands shows that the lowest altitude band presents a
better distribution for the six chosen observatories.
The evolution of the geomagnetic ﬁeld intensity for the
chosen band and for the six observatory locations is shown
in Fig. 2. In addition to the data lack during long time
intervals, we also observe large variation in the ﬁeld B, from
some 650 nT for the HER observatory, up to 2700 nT for
KAK, respectively. With such variations in the ﬁeld, due
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Fig. 3. Observatory monthly means (solid circles and left-side axis) and POGO data taken in an altitudinal band h = 100 km (solid squares and
right-side axis) for the corresponding positions: (a) KAK, (b) NGK, (c) HER, (d) ABG, (e) FRD, (f) HUA. The estimated linear regressions for
POGO (dashed lines) and observatory (dotted lines) data are also plotted.
to the measurement locations, a question arises about the
quality of the estimated secular variation.
Considering the non-regular time sampling data, it is ap-
propriate to average the intensity ﬁeld B along each orbit,
independently. Then, we have estimated the temporal vari-
ations of the geomagnetic ﬁeld intensity, averaged per or-
bit, in the same band of altitude. These mean values are
then compared to the monthly means of the intensity of the
magnetic ﬁeld from the chosen observatories. The trends of
the two datasets, from the monthly means provided by the
selected observatories and the POGO means for the corre-
sponding positions, are illustrated in Figs. 3(a) to 3(f) for
KAK, NGK, HER, ABG, FRD, and HUA, respectively. We
can notice the same behavior of the temporal tendencies be-
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Table 1. Statistics for different POGO models.
Satellite Iteration number RMS χ (nT)
Number of data points
Scalar Equator
OGO-2 (1965) 3 25 994042 1414
OGO-2 (1966) 2 40 1655227 1426
OGO-2 (1967) 2 264 110913 1384
OGO-4 (1967) 2 27 1473382 1384
OGO-4 (1968) 2 30 1697551 1390
OGO-4 (1969) 2 29 213275 1407
OGO-6 (1969) 2 38 66779846 1407
OGO-6 (1970) 2 33 4063022 1422
OGO-6 (1971) 2 19 (for Kp = 1) 153358 1422
tween observatory data trends and those of the POGO satel-
lite data, for the investigated observatory data. This similar-
ities are underlined by the estimated linear regressions, also
plotted on Fig. 3. This comparable behavior for ground and
virtual observatory intensity data makes it possible to con-
sider the approach proposed by Olsen and Mandea (2007)
and then to build a global grid points for which the scalar
secular variation is estimated. This is done in slightly dif-
ferent way that in the above study, and is discussed at the
end of this section.
3.2 Indirect secular variation study: estimation from
core ﬁeld models
3.2.1 Global modeling The use of global ﬁeld mod-
els, continuous in time, like the so-called “Comprehensive
Model” of Sabaka et al. (2004) has allowed to investigate
the geomagnetic jerks with a total coverage of the Earth’s
surface (e.g. Chambodut and Mandea, 2005). So, we have
taken into account this possibility to explore the secular
variation, by computing annual core magnetic ﬁeld models.
Let’s brieﬂy recall that in a region free of magnetic
sources, the Earth’s magnetic ﬁeld is Laplacian and derives
from a harmonic scalar potential V . Indeed, the magnetic
ﬁeld is the spatial gradient of the potential, the two func-
tions being linked by: B = −∇V . Since Gauss, V is
traditionally developed on the basis of spherical harmonics
functions. Thus, if (r, θ, φ) are the geocentric spherical co-
ordinates of any point in the considered domain, the internal
potential V (r, θ, φ) is given by the following equation:








gmn cosmφ + hmn sinmφ
}
·Pmn (cos θ),
where, a is the radius of the reference sphere, n and m
are the degree and the order of development, gmn and h
m
n
the Gauss coefﬁcients and Pmn (cos θ) Legendre associated
functions semi-normalised under Schmidt (Chapman and
Bartels, 1940). Let us underline that in the above expression
the external contributions are not considered. Moreover,
this potential expansion is not strictly valid at the satellite
altitudes, where non-Laplacian ﬁelds also exist. In order to
minimize these contributions a dedicated data selection is
needed.
Modeling the geomagnetic ﬁeld leads to mathematically
determine the Gauss coefﬁcients which describe it. Nu-
merically, these coefﬁcients are usually determined from
measurements by inverse methods. We describe here, very
brieﬂy, the applied method, the least squares one, which
aims to minimize the square of the differences between the
measured value Bmesi of the ﬁeld and the predicted value
Bmodi localized at the same point in space, for all the obser-
vations K . To each measurement i is assigned a weight
ωi . Thus, solving the inverse problem is to ﬁnd all the
Nmax(Nmax + 2)(gmn , hmn ) coefﬁcients of the internal ﬁeld








Given that in the POGO case we are dealing with only scalar
data, the inverse problem is nonlinear and the solution to
the problem is therefore not unique. It is then necessary to
linearize the problem around an initial given solution. Re-
call that in addition, the resulting solution is contaminated
by the error caused by the Backus effect (Backus, 1970,
1974). To reduce this effect, we have constrained the so-
lution by imposing the geomagnetic equator position, esti-
mated from different periods ofmodeling (Ultre´-Gue´rard et
al., 1998; Holme et al., 2005). Furthermore, considering
that our aim is to describe the secular variation from these
core ﬁeld models, they are computed to a maximum degree
and order 10.
Minimizing the external ﬁeld contributions in geomag-
netic models requires data selection depending on the ge-
omagnetic ﬁeld activity, quantiﬁed by global magnetic in-
dices such as Kp and Dst (Mayaud, 1980; Menvielle and
Berthelier, 1991). Only observations made during the time
intervals with Kp < 1 have been kept for the present study.
With such a drastic selection criteria, it is necessary to en-
sure that the selected data still maintain a global coverage
of the Earth’s surface (Fig. 4) in order to derive a good
ﬁeld modeling and resolve all the harmonics. It is easy
to note that for OGO-2 and OGO-4 satellites (Figs. 4(a)
and 4(b)), the data coverage remains adequate even for the
most restrictive planetary index (Kp = 0). On the other
hand (Fig. 4(c)), the OGO-6 data distribution becomes very
sparse for the year 1971, even for a less restrictive option
(Kp = 1).
The Gauss coefﬁcients obtained from an uneven distribu-
tion are characterized by large errors (Alexandrescu et al.,
1994). The last row of Table 1 indicates the gain in the coef-
ﬁcient estimations when the coverage is improved. A trade-
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Fig. 4. Geographical distribution of the POGO measurements for the time-interval 1965–1971: (a) OGO-2, (b) OGO-4, (c) OGO-6.
off must be found between the coverage and optimal toler-
ated external activity. Thus, in the case of OGO-2 data, if
the inversion is achieved without data selection and without
knowledge of the ﬁeld direction, then the model is estab-
lished after only two iterations, but with a root mean square
(RMS) of some 250 nT. Still without imposing the geomag-
netic equator position, but by selecting data for Kp = 0,
the RMS value decreases to only 5 nT at the fourth iter-
ation. Constraining the model by the giving geomagnetic
equator locations, supposedly as a priori known, the conver-
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Fig. 4. (continued).
Fig. 5. Power spectra for the computed and selected POGO models. For intercomparison reasons, three power spectra for the epochs 1965, 1968, 1971
based on the CM4 model are also shown.
gence towards the solution requires two iterations. Gener-
ally, the RMS is of the order of 40 nT, excepting for the very
poor distribution of OGO-2 satellitemeasurements in 1967,
when for Kp = 0 the global coverage is not achieved. Ta-
ble 1 also includes the RMS values for all calculated mod-
els. We can note that in this table two models are avail-
able for the epochs 1967 and 1969 (indeed, OGO-2 and
OGO-4, and OGO-4 and OGO-6, respectively). In these
two speciﬁc situations we have selected themodel based on
a larger available number of OGO-4 measurements (for the
1967), having also a smaller RMS. For the 1969 model the
choice has been made by considering the data coverage, as
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Fig. 6. Secular variation derived from POGO spherical harmonic models, estimated on a 10◦×20◦ grid. The starting point for each curve is 1965, the
ending point is 1971.
the RMS for OGO-4 and OGO-6 are slightly comparable.
For the seven selected core ﬁeld models, power spectra
(Lowes, 1966, 1974), have been computed and represented
on Fig. 5. They are consistent with each other, exception
being the model derived from OGO-6 measurements, with
a poor data distribution in 1971 (Kp = 0). For intercom-
parison, on the same ﬁgure, three power spectra computed
from the CM4 model (Sabaka et al., 2004) are also shown,
for epochs of the beginning of the interval (1965), end of
the interval (1971), and middle (1968). For these epochs
the core ﬁeld has been computed up to degree/order 10, the
same as for the POGO models. The POGO and CM4 spec-
tra have comparable energies for the ﬁrst eight degrees.
3.2.2 Application for the secular variation The
POGO models, computed up to degree/order 10 have there-
after been used to synthesize the ﬁeld at the chosen obser-
vatory locations. The ﬁeld intensity is estimated for each
year between 1965 and 1971. The values obtained are com-
pared to those derived from the CM4 model (Sabaka et al.,
2004). The secular variation of the ﬁeld intensity, derived
from POGO models clearly shows a change of regime in
the vicinity of 1969 for the considered locations. So, we
have generalized our study to the whole globe and build a
map showing the annual secular variation for the total ﬁeld,
derived from the POGO models (Fig. 6). On this map the
estimated secular variation is shown on a grid of 10◦×20◦,
between −60◦ to 60◦ latitude, covering the time interval
1965–1971. The advantage of using only POGO measure-
ments comes from the fact that these series of models show
secular variation characteristics observed only from space.
This map clearly shows changes in the secular variation
trend around 1969. An interesting attempt is now to search
for this jerk distribution: is it global or regional? In some
region the V-shape in secular variation is not or slightly
observable, as in center Indian Ocean or Northern Paciﬁc.
These regions cover small parts of the Globe, so we cannot
conclude that they are free-jerk areas.
To better underline this behaviour we also stack all curves
obtained for the grid shown in Fig. 6. For comparison, for
the same grid, we have estimated the secular variation from
the CM4 model. In Fig. 7, the secular variation based on
POGO and CM4 models is plotted, for two speciﬁc areas.
The one situated in the Northern hemisphere covers 30–
60◦N and 0–80◦E, while the one selected in the Southern
hemisphere is situated over 40–60◦S and 100–180◦E. The
POGO secular variation clearly shows a change in regime
around 1969, whereas this is not clear with the only six
years of secular variation derived from CM4. This is the
case for the full grid, and might express the fact that the
CM4model probably smoothes the rough edges of the short
timescale, of one year, in the secular variations. This could
be, on the one hand, linked to the used dataset by Sabaka et
al. (2004), more complete than that from POGO, however
also much more heterogeneous (satellites together with ob-
servatories), and on the other hand, probably because of the
adjustment of the secular variation by B-cubic splines on
2.5 years nodes.
4. Discussion and Conclusion
The temporal behavior of Earth’s magnetic ﬁeld and its
secular variation, have been repeatedly studied from both
the ground observatory and satellite data. Our study focused
on ancient satellite data, in order to extract more informa-
tion on temporal evolution of the Earth’s magnetic ﬁeld
from POGO satellite data covering a period of about seven
years. We are aware of the large range of problems arising
when ancient POGO data are investigated. Moreover, the
data provided by the POGO missions show large variations
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Fig. 7. The secular variation stacking curves obtained from POGO models and from CM4 model, for two speciﬁc areas of the grid given in Fig. 6.
The zone selected in the Northern hemisphere is situated between 30–60◦N and 0–80◦E (top panel); the one selected in the Southern hemisphere is
situated between 40–60◦S and 100–180◦E (bottom panel).
in themagnetic ﬁeld intensity, duemainly to the large varia-
tions in the satellite altitude. Consequently, the variation of
the ﬁeld intensity remains also large, even when constrain-
ing the altitude parameter to some 100 km ﬁxed-bands. We
also comprehend that positioning errors represent an impor-
tant error source of themagnetic intensity data of the POGO
satellite series, as a position error of some 100 m in radial
direction results in an intensity error of order of a few nT.
Nevertheless, the comparison of the satellite data aver-
aged along each independent orbit and observatorymonthly
means, for each studied location, shows similarities. This
supports the approach by Mandea and Olsen (2006), indi-
cating that it is also useful to be applied to the scalar data
of less accuracy than the ones provided by the Oersted or
CHAMPmissions. The search for trend changes in the tem-
poral variation of themagnetic ﬁeld, calculated from POGO
models, is encouraging, as it shows an event around 1969,
for the different selected locations. Moreover, the exten-
sion of our analysis on the global scale conﬁrms the pres-
ence of this change in the secular variation trend. However,
our attempt to ﬁnd out if this geomagnetic jerk is global
or regional in distribution has not been successful. We be-
lieve thatmore efforts have to be done and re-visit these data
in order to understand the changes in the magnetic ﬁeld at
POGO epoch.
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